• First study to report nationwide occurrence and concentrations of perfluoroalkyl substances (PFAS) in U.S. biosolids
PFASs are considered to be highly resistant to biodegradation due to their extremely strong carbon-fluorine bonds [18] . They are not efficiently removed in municipal wastewater treatment plants (WWTPs), and the presence of PFASs in wastewater effluents and biosolids is of increasing concern [19] . Concentrations of PFOS and PFOA have been reported of up to 990 and 241 ng per g of biosolids, respectively [20] [21] [22] . Studies have also shown that several PFASs increase in concentration during the WWTP process train, suggesting the presence of precursor compounds that degrade and release persistent perfluorinated carboxylic acids and sulfonates (PFCAs and PFSAs) [20, 23] . Land application of biosolids contaminated with PFASs was shown to contaminate soil, groundwater, and surface waters [19, 22] . Soil concentrations of PFOS as high as 483 ng/g were reported at a land reclamation site in Illinois after 32 years of consecutive applications of biosolids at the rate of 69 Mg biosolids ha -1 yr -1 [22] . In Decatur, Alabama, about 22% of samples collected from surface and well water near fields with a history of PFASs contaminated biosolids application exceeded the health advisory level of the U.S.
Environmental Protection Agency (U.S. EPA) of 400 ng/L for PFOA [19] . Multiple studies have
shown that PFASs of shorter chain length tend to become mobilized from soil readily to contribute to contamination of surface water and groundwater [19, 22] . The widespread occurrence of PFASs at significant concentrations in the environment necessitates a better understanding of environmental occurrence and transport processes in order to inform both human health risk assessments and regulatory requirements for these recalcitrant, mobile chemicals.
The U.S. EPA has performed several national sewage sludge surveys (NSSS) to evaluate the need for regulating trace contaminants [24] . The present study was performed to extend this effort to other emerging contaminants that were excluded from past U.S. EPA studies. [28, 29] . All samples were collected in 500 mL glass or polyethylene jars, and to the best of our knowledge no teflon containing tools were used during sampling of sludge; thus eliminating possible contamination during sampling of sludge samples by PFASs [29] . Samples were collected from only processed sewage sludges intended for disposal. [30, 31] . Analyte concentrations were determined using the isotope dilution technique for all compounds. About 5 g of dried homogenized (<4 mm) biosolids samples were spiked with isotope-labeled surrogates and analytes were extracted once with dilute acetic acid solution and then twice with a mixture of 0.3% ammonium hydroxide and 99% methanol solution, each time by shaking the slurries and collecting the supernatants. Supernatants were combined and treated with ultra pure carbon powder. The resulting solution was diluted with water and cleaned up by solid phase extraction (SPE; Oasis WAX, Waters, Milford, MA, USA). The eluate was then spiked with recovery standards prior to analysis. Sample extracts were separated by high performance liquid chromatography using a reversed-phase column (X terra C 18 3.5 µm, 2.1 mm × 100 mm; Waters, Milford, MA) as described previously [30, 31] . Analyses were performed using a Micromass Quattro Ultima triple quadrupole tandem mass spectrometer (Waters, Milford, MA) in Selected Reaction Monitoring (SRM) mode (Table 1) .
Quality assurance and quality control procedures included method blanks and matrix spikes to evaluate recovery rates in percent. Analysis of duplicate samples was performed by the lab for each batch with greater than six samples. Positive identification of target analytes, surrogate standard and recovery standards required the compound retention time to fall within 0.4 minutes of the predicted retention times from the mean determined from the initial calibration. Native compounds with labeled surrogate standards had to elute within 0.1 minutes of the associated labeled surrogates. All concentrations are reported on a dry weight (dw) basis. Precision between samples and duplicates was expressed as relative percent difference (RPD), which was calculated using the following expression,
Where, C sample and C duplicate are the concentration detected in the original sample and in its duplicate, respectively.
Estimation of annual loading of PFASs to agricultural soil.
The annual loading of PFASs in biosolids was calculated based on the annual biosolids production of 5.1-6.4 million metric dry tonnes (5.6-7 million dry U.S. tons) in the U.S. [32] [33] [34] .
Annual load in biosolids = [minimum/ maximum PFAS concentration detected in composites (µg/kg)]*(10 -9 kg/µg)*(5.1-6.4× 10 9 kg of biosolids/year)
The estimated percentage of total biosolids use and disposal (50-60% to land application; 17% to landfills; 20% to incineration) were used to calculate the load of PFASs to the various end use components from equation 2.
3. Results and Discussion.
Method performance. The method detection limits (MDL) for the various PFASs ranged
between 0.03 to 0.14 ng/g dry weight (dw) of biosolids. Recoveries from matrix spike experiments for the various analytes ranged between 75 and 110% in biosolids (Table 2) .
Analysis precision, expressed as relative percent difference (RPD), was within 20% for most of the analytes in blinded duplicates for biosolids analysis except for PFBA (52%), PFPeA (24%), and PFBS (21%). The RPD for non-blinded duplicates of biosolids was within 9% for all analytes. No laboratory contamination was observed in method blanks.
Study limitations.
A large number of biosolids samples were combined to form five composites in this study in order to reduce the number of samples to be analyzed and still were consistently detected in all composite biosolids samples except for PFBA, PFHpA, and PFBS ( Table 2 ). The most abundant PFAS in biosolids was PFOS, detected at a concentration of 403±127 ng/g dw, followed by PFOA (34±22 ng/g dw). The remaining eleven PFASs ranged between 2 and 26 ng/g dw (Table 2 ) and the mean total concentration of PFASs (∑PFAS) detected in the five composite samples was 539±224 ng/g dw. The levels detected in U.S.
biosolids is more than an order of magnitude higher than levels detected in sewage sludge samples collected from Spain and Germany [35] . For comparison purposes, the national baseline levels of PFASs detected in this study were plotted with levels reported in other studies for sludge samples collected from U.S. WWTPs (Figure 1 ). It must be noted that the concentrations reported in the present study represent samples collected at 94 WWTPs from across the U.S., whereas previously reported values were limited to specific study locations and a maximum of [32] [33] [34] , the nationwide annual loading rates to biosolids for various PFASs were calculated ( Table 2 ). The estimated mean loading rate of ∑PFAS was 2,749-3,450 kg/year, with the most abundant compound being PFOS with a rate of 2,052-2,575 kg/year, followed by PFOA and PFDA at 172-215 and 133-167 kg/year, respectively. However, these loadings are significantly lower when compared to other major contaminants in biosolids, such as antimicrobials (triclocarban and triclosan) and non-ionic surfactants (nonylphenol and their ethoxylates), whose loading in biosolids had been determined in previous studies [25, 27] (Figure 2 ). The higher loading for the antimicrobials and surfactants may be explained by their high production volumes of greater than 1 million pounds per year in the U.S. and their disposal, which differs from ∑PFAS in that, they are almost exclusively discharged into wastewater by design.
Based on the estimated percentage of total biosolids applied on land (50-60%) [32] [33] [34] , the mean loading rate of ∑PFAS to agricultural soil was found to be 1,375-2,070 kg/year. A significant amount of ∑PFAS (467-587 kg/year) was also estimated to go to landfills as an alternative disposal route for unwanted biosolids ( Table 2) 
Conclusion.
The nationwide concentrations of PFASs in U.S. biosolids provided in this study serves to inform both human exposure risk assessments and regulatory requirements for these recalcitrant This suggests that the U.S. may have to consider regulations similar to those instituted in European countries, where PFOS and related compounds were banned from several uses. The significant loading to U.S. soils estimated in the present study further increases concern about groundwater and surface water contamination, as reported in previous investigations by others [19, 22] . This study further demonstrated the use of mega composite samples for determining national and regional mean concentrations of major contaminants in sewage sludge in a scientifically sounds, yet economically attractive fashion.
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